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BACKGROUND OF THE INVENTION

I. Field of the Invention

The present mvention relates to the Shannon bound on
communications capacity and also relates to symbol modu-
lation for high-data-rate wired, wireless, and optical commu-
nications and includes the symbol modulations phase-shift-
keying PSK, quadrature amplitude modulation QAM,
bandwidth efficient modulation BEM, gaussian minimum
shift keying GMSK, pulse position modulation PPM, and the
plurality of current and future modulations for single links
and multiple access links which include time division mul-
tiple access TDMA, orthogonal frequency division multiple
access OFDMA, code division multiple access CDMA, spa-
tial division multiple access SDMA, frequency hopping FH,
optical wavelength division multiple access WDMA,
orthogonal Wavelet division multiple access OWDMA, pulse
position modulation PPM, combinations thereot, and the plu-
rality of radar, optical, laser, spatial, temporal, sound, 1mag-
ing, and media applications. Communication application
examples include electrical and optical wired, mobile, point-
to-point, point-to-multipoint, multipoint-to-multipoint, cel-
lular, and satellite communication networks.

I1. Description of the Related Art

The Shannon bound 1s the Shannon capacity theorem for
the maximum data rate C and equivalently can be restated as
a bound on the corresponding number of modulation bits per
symbol as well as a bound on the communications eificiency
and 1s complemented by the Shannon coding theorem. From

Shannon’s paper “A Mathematical Theory of Communica-
tions” Bell System Technical Journal, 27:379-423, 623-656,

October 1948 and B. Vucetic and J. Yuan’s book “Turbo
Codes”, Kluwer Academic Publishers 2000, the Shannon
capacity theorem, the corresponding Shannon bound on the
information bits per symbol b=bits/symbol=bits/(T _1interval),

the Shannon bound on the communications efficiency n, and
the Shannon coding theorem can be written as equations (2).
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Shannon bounds and coding theorem

1. Shannon capacity theorem
C=B log,(1+S/N), bits/second

=Channel capacity in bits/second for an additive white
Gaussian noise AWGN channel with bandwidth
B

=Maximum rate at which information can be reliabily
transmitted over a noisy channel where S/N 1s the
signal-to-noise ratio 1n B

2. Shannon bound on b and 1

Using equations (1) and the assumption that the sym-
bol rate (1/T,) 1s maximized when equal to the
bandwidth B which 1s equivalent to the equation
T.B=1, enables the equation for C to be rewritten
to calculate max{b} as a function of S/N, and to
calculate E,/N_ as a function of the max{b}
which reads the maximum value of the number
of information bits per symbol b. Since the com-
munications efficiency n=b/(T .B) in bits/sec/Hz
it follows that maximum values of b and n are
equal.

max{b }=log>(1+S/N)=max(n)
E./N_=[2"max{b}-1]/max{b}

3. Shannon coding theorem for the information bit
rate R,

For R, <C there exists codes which support reliable
communications

For R,>C there are no codes which support reliable
communications

(2)

wherein E, 1s the energy per bit b, N_ 1s the noise power
density. and S/N=bE,/N_. Reliable communications in the
statement of the Shannon coding theorem 3 means an arbi-
trarily low bit error rate BER.

Current communications performance 1s represented by

the Shannon bound, QAM, and PSK performance for b vs.
E,/N_andforbvs. S/N in FIGS. 1,2 respectively. FIG. 1 plots
the number of information bits per symbol b versus measured
E,/N_ for 4-PSK, 8-PSK, 16-QAM, 64-QAM, 256-QAM,
4096-QAM for both uncoded and Turbo coding. The 4-PSK,
8-PSK are 4-phase, 8-phase phase shift keying modulations
which respectively encode 2,3 bits per symbol and 16-QAM,
64-QAM, 256-QAM, 1024-QAM are 16, 64, 256, 4096 state
QAM modulations which respectively encode 4, 6, 8, 12 bits.
For no coding the information bits per symbol b 1s equal to the
modulation bits per symbol b_so thatb=b =2,3,4,6, 8, 12 bits
per symbol respectively for 4-PSK, 8-PSK, 16-QAM,.,
64-QAM, 256-QAM, 4096-QAM. FIG. 2 plots b versus the
measured S/N for these modulations for both uncoded and
Turbo coding. Shannon bound performance 1s calculated
using equations (2). Turbo coding performance assumes a
modest 4 state recursive systematic convolutional code RSC,
1024 bit interleaver, and 4 Turbo decoding iterations. The
assumed coding rates R=34, 24, 34, 243, 34, 24 reduce the

information bits per symbol to the respective values
b=b =1.5, 2, 3, 4, 6, 8 bits. Performance data 1s from C.

Heegard and S. B. Wicker’s book “Turbo Coding”, Kluwer
Academic Publishers 1999, B. Vucetic and J. Yuan’s book
“Turbo Codes”, Kluwer Academic Publishers 2000, J. G.

Proakis’s book “Digital Communications”, McGraw Hill,
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Inc. 1995, L. Hanzo, C. H. Wong, M. S. Lee’s book “Adaptive
Wireless Transceivers™, John Wiley & Sons 2002, and the
other listed references.

FIGS. 1 and 2 only consider the 4-PSK and 8-PSK modu-
lations for PSK since 2-PSK 1s somewhat less efficient than
4-PSK, and 16-PSK 1s somewhat less efficient than 16-QAM.
For b =4 bits/symbol=bits/(T_ interval) and higher, only
QAM 1s considered since it 1s well known to be the more
efficient modulation in the sense of requiring the lowest E /N,
and S/N for given b, b_ and 1s well known to be the only
modulation capable of supporting to b =12 bits/symbol=bits/
(T, interval) and higher.

Gaussian minimum shift keying GMSK modulation and
wavelorm 1s used for the wireless cellular phone standard
GSM and for space and military applications which use
GSMK because i1t 1s a constant amplitude signal bandwidth
cificient modulation BEM and waveform with a relatively
high communications efliciency n. A constant amplitude
modulation and waveform allows the power amplifier in the
transmitter to operate at the saturation level with no backoif
required, which 1s the most efficient operational mode of a
power amplifier. With non-constant modulation as well as
non-constant signals the 1nput signal to the power amplifier
must be backed off 2-t0-10 dB 1n order to maintain linearity of
the signal transmitted by the power amplifier. A backoil of
2-t0-10 dB means the output signal 1s 2-to-10 dB lower than
the maximum output level of the power amplifier, and this
means a loss of 2-t0-10 dB 1n the communications link com-
pared to the transmitted signal level when the output amplifier
1s operating at the saturation level. This constant signal ampli-
tude advantage of GMSK 1is only realized for single channel
links such as the return link from the user to the hub or access
point for cellular networks, and for some space and military
applications. For the forward links of cellular networks which
simultaneously transmit multiple channels of GMSK the
composite transmitted wavelform 1s non-constant and inher-
ently Gaussian 1n character with no sigmificant envelope
advantage over other multiple channel waveforms with
respect to the required power amplifier backoit.

FIGS. 3,4 are representative modulator and demodulator
architectures for GMSK. In FIG. 3 the digital parameters 1
identify the bit lengths of the phase quantization, number of
digital samples per pulse, and the digital-to-analog conver-
sion DAC. Signal processing 2 parameters are the digital
word size, bit duration T,, Gaussian impulse function which
1s the FM frequency pulse for each symbol, and the integrated
value of the impulse function which 1s the phase. Inputs to the
GMSK FM modulator are the stream of digital words 3. Each
digital word modulates a Gaussian pulse and the FM modu-
lator integrates this train of overlapping Gaussian frequency
pulses to generate the information bearing phase history. The
stream of phase angle samples {&/®} 4 from the GMSK FM
modulator are handed over to the inphase and quadrature
digital-to-analog converters DACs and low pass filtered LPF
5, outputs are single sideband upconverted to an intermediate
frequency 6 and then handed over to the IF-RF front end for
transmission.

In FIG. 4 the signal processing 7 parameters for the
demodulator 1dentify the received down-converted interme-
diate frequency IF signal, band-pass filter BPF, inphase and
quadrature detector 1/QQ, analog-to-digital converter ADC, the
complex sample rate, complex baseband sample, receive Rx
signal amplitude, and the baseband pulse amplitude modula-
tion PAM filters which recover shifted versions of the trans-
mitted integrated Gaussian frequency pulses. The GMSK
demodulator 8 receives the IF signal from the RF-IF front
end, performs bandpass filtering, recovers the iphase and
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quadrature baseband 1/QQ components which are digitized by
the ADC. Digitized signals are synchronized, filtered by a
bank of pulse amplitude modulation PAM f{ilters to recover
GMSK modulation responses which are weighted by the
possible trellis states of the maximum likelihood path through
the trellis, and the estimated transmitted digital words are
then recovered by a maximum likelithood detector or by a
Viterbl or maximum a-posteriort MAP type algorithm.

FIG. 5 1s a representative modulation transmitter block
diagram for implementation. Signal processing starts with the
stream of user input data words (d, } 13 with k indexed over
the words. Frame processor 14 accepts these data words and
performs the error detection cyclic redundant coding CRC
and Turbo error correction encoding and frame formatting,
and passes the outputs to the modulator 15 which encodes the
frame data words 1nto modulated symbols that are waveform
encoded by convolving with the waveform impulse response
in, combination with the multiple-access channelization.
Output encoded complex baseband signal {z(t,)} at the digital
sample times {t.} are digital-to-analog DAC converted 16 and
single sideband SSB upconverted to the real signal v(t) 17 at
an intermediate frequency IF. For multiple beam antennas 18
the beam coetlicients for each beam element for each com-
plex digital sample are processed and the individual digital
streams are handed off to the corresponding antenna elements
where they are SSB upconverted to an IF and processed by the

analog front end 19 at each element and the array of elements
form the beams and within each beam the transmitted signal
1s stmilar to the real radio transmission frequency RF signal
v(t) 20 at the RF carrier frequency 1, with an amplitude that 1s
the real part of z(t) with the phase angle ¢.

FIG. 6 1s a representative demodulation receiver block
diagram. Wavetronts 21 incident at the receiver antenna for
then usersu=l1,...,n =N_are combined by addition in the
antenna to form the receive Rx signal v(t) at the antenna
output 22 where v(t) 1s an estimate of the transmitted signal
v(t) 20 1mn FIG. 6, that 1s recerved with errors in time At,
frequency Af, phase A0, and with an estimate Z(t) of the
transmitted complex baseband signal z(t) 20 in FIG. 6. This
received signal v(t) 1s amplified and downconverted by the
analog front end 23 and then synchronized (synch.) and ana-
log-to-digital ADC converted 24. In 25 the waveform 1s
removed to detect the data symbols 1n combination with the
recovery of the symbol inputs to the multiple access channels.
In 26 the recovered data symbols are CRC detected. Turbo
decoded, and the frame removed by the frame processor 26 to
recover estimates {d, } 28 of the transmitted user data words.

SUMMARY OF THE INVENTION

This mvention introduces the new bound on communica-
tions capacity that can be supported by a communications
channel with frequency bandwidth B and signal-to-noise
ratio S/N, and also introduces the new quadrature parallel-
layered modulation QL M. These two mventions are disclosed
together since the QLM architecture 1s used to derive the new
bound, and the QLM performance validates the bound by
providing a modulation which becomes close to this bound
with error correcting codes such as the Turbo codes. QLM 1s
a layered topology for transmitting higher data rates than
possible with each layer of communications and 1s 1mple-
mented by transmitting each layer with a discriminating,
parameter which enables separation and decoding of each
layer. Performance verification of a representative trellis
demodulation algorithm 1s given for QLM modulation using
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6

PSK for each layer. Additional applications for QLM signal
processing and bound include the plurality of information
theorectic applications.

BRIEF DESCRIPTION OF THE DRAWINGS AND
THE PERFORMANCE DATA

The above-mentioned and other features, objects, design
algorithms, and performance advantages of the present inven-
tion will become more apparent from the detailed description
set forth below when taken in conjunction with the drawings
and performance data wherein like reference characters and
numerals denote like elements, and 1n which:

FIG. 1 calculates information bits b per symbol versus
E,/N_ for the Shannon bound and for PSK, QAM at
BER=1e-6 with Turbo coding and no coding.

FIG. 2 calculates information bits b per symbol versus S/N
for the Shannon bound and for the PSK, QAM at BER=1e-6
with Turbo coding and no coding.

FIG. 3 1s a representative implementation block diagram
for the modulator signal processing for GMSK.

FIG. 4 1s a representative implementation block diagram
for the demodulator signal processing for GMSK.

FIG. 5 15 a representative implementation block diagram
for the modulator transmitter.

FIG. 6 15 a representative implementation block diagram
for the demodulator receiver.

FI1G. 7 calculates the performance of the new bound and the
Shannon bound as information bits b per symbol interval
versus E, /N _.

FIG. 8 calculates the performance of the new bound and the
Shannon bound as information bits b per symbol iterval
versus S/N.

FIG. 91llustrates the pulse wavelform time oifsets for QL M.

FIG. 10A 1s a representative transmitter implementation
block diagram for OFDMA QLM.

FIG. 10B 1s a representative transmitter implementation
block diagram for CDMA QLM.

FIG. 10C 1s a representative transmitter implementation
block diagram for OWDMA QLM.

FIG. 11 presents the measured bit error rate BER perfor-
mance for uncoded 4-PSK QLM for n, =1, 2 layered QLM 1n
FIG. 9.

FIG. 12A 1s a tlow diagram of the trellis demodulation
algorithm used to measure QLM bit error rate BER pertor-
mance 1n FIG. 11.

FIG. 12B 1s the continuation of the flow diagram of the
trellis demodulation algorithm 1n FIG. 11A.

FIG. 13 A 1s arepresentative recerver implementation block
diagram for OFDMA QLM.

FIG. 13B i1s arepresentative recerver implementation block
diagram for CDMA QLM.

FIG. 13C 1s arepresentative recerver implementation block
diagram for OWDMA QLM.

FIG. 14 presents the performance of the new bound, Shan-
non bound, and Turbo coded QLM PSK, PSK, QAM at
BER=1e-6 as b versus E,/N_.

FIG. 15 presents the performance of the new bound, Shan-
non bound, and Turbo coded QLM PSK, PSK, QAM at
BER=1e-6 as b versus S/N.

DISCLOSURE OF THE INVENTION

Quadrature parallel-layered modulation 1s a new mvention
that increases the data rate supported by a channel by adding
layers of independent communications channels or signals
over the existing communications such that each layer can be
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uniquely separated and demodulated 1n the receiver. These
layers of communications channels are parallel sets of com-
munications channels occupying the same bandwidth B as the
1% layer which is the original set of communications channels
occupying the bandwidth B. The QLM quadrature parallel-
layered modulation can also be viewed as the addition of
parallel communications which are layered over the same
bandwidth B as the original communications. Layering of
parallel channels or signals 1s not necessarily an addition of
signals 1n the algebra of the real or complex field since for
example for GMSK the layering 1s in the frequency domain of
the FM signal.

The new bound on communications capacity recognizes
that one can increase the average symbol rate from the value
assumed 1n the Shannon bound T B=1 in equations (2) to the
value T ,B=1/n, with n, layers ot the communications or
equivalently with the addition of (n,-1) parallel communica-
tions channels with differing characteristics which make
them separable and recoverable 1in the receiver with 1mple-
mentation of a trellis type demodulation algorithm or the
equivalent 1n terms ol capabilities and performance where
“equivalent” includes the plurality of all possible mathemati-
cal techniques to provide alternative solutions compared to
the broad class of trellis algorithms. In this patent disclosure
the term ““separable” 1s intended to mean there 1s a discrimi-
nating parameter or equivalently a differentiating parameter
which allows the n, layers or equivalently channels to be
uniquely recoverable.

GMSK quadrature parallel-layered modulation QLM
referred to as GMSK QLM increases the data rate by trans-
mitting n,=1 layers of data encoded Gaussian frequency
pulses that are time synehremzed tor transmission at T /n,
2T5/11 , (n,-1)T/n  offsets respectively for layers 2

(11 l)relatlve to the 1% layer of GMSK. Demedulatlen
uses a trelhs algorithm that 1s somewhat more general and
powerful than the Viterbi algorithm in FIG. 4. Other BEM
QLM applications will use an equivalent approach to con-
structing the QLM layers and for demodulation.

OFDMA quadrature parallel-layered modulation QLM
can increase the data rate either using timing offsets or using
frequency offsets or using a combination of both, as the
communications parameter which 1s changed between layers
to allow separability of the layers and recovery of the layered
transmitted data in the recetver. OFDMA QLM with fre-
quency oifsets 1s implemented 1n FIG. 10A 1n a transmitter
and 1n FIG. 13A 1n a recetver.

CDMA quadrature parallel- layered modulation QLM can
increase the data rate either using timing offsets or using
frequency olfsets or using a combination of both, as the
communications parameter which 1s changed between layers
to allow separability of the layers and recovery of the layered
transmitted data in the recerver. CDMA QLM with frequency
offsets 1s implemented in FIG. 10B 1n a transmaitter and 1n
FIG. 13B 1mn arecewver. Using a Hybrid Walsh or a generalized
Hybrid Walsh CDMA orthogonal channelization code devel-
oped 1n patent application Ser. Nos. 09/826,117 and 09/846,
410 localizes the frequency spread of the decoded CDMA
signal so that 1t 1s feasible to use a trellis algorithm for decod-
ing. With timing offsets the CDMA block codes have to be
reshuilled so that the encoded data symbols Z(n(k))=2 Z(u)
C(u,n(k)) over blocks k=0, 1, 2, . . . are grouped together for

cach n to ensure that the timing offsets are not introducing
unwanted cross-correlations between CDMA channels.
OWDMA quadrature parallel-layered modulation QLM
can increase the data rate either using timing offsets or using
frequency oifsets or using a combination of both, as the
communications parameter which 1s changed between layers
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to allow separability of the layers and recovery of the layered
transmitted data 1n the recerver. OWDMA QLM with timing
offsets 1s implemented in FIG. 10C 1n a transmitter and 1n
FIG. 13C 1n a receiver. OWDMA was developed 1n patent
application Ser. No. 09/826,118. OWDMA generates a uni-
form bank of orthogonal Wavelet filters with the same spacing
and symbol rate as OFDMA and with the advantage that the
individual channels remain orthogonal with timing oifsets
and are less sensitive to frequency offsets.

Other communications applications include TDMA QLM
and FDMA QLM. FH QLM 1s a layered QLM modulation
with multiple access being provided by the FH on the indi-
vidual hops. PPM QLM can be layered with QLM similar to
QAM when the symbol modulation 1s replaced by pulse-
position-modulation PPM.

Step 1 1n the dertvation of the capacity bound 1s summa-
rized 1in equations (4) and observes that the trellis algorithms
for convolutional, maximum a-posterior1 MAP, and Turbo
decoding are implemented to imnvert correlated sequences and
derive the transmitted data. This means a suitably constructed
trellis algorithm will successtully invert the transmitted lay-
ers 1, ..., n, of communications channels for QLM to recover
estimates of the transmitted symbols. In turn this means a
trellis algorithm allows a communications bandwidth B to
support n,=1 QLM layers of parallel communications chan-
nels that are time synchronized for transmission at 1./n_,
21,/n, , (n,~1)T/n, offsets respectively for layers 2,
3,. (11 1) relatlve to the 1°" layer at zero offset. Continuing,
thls example with time as the differentiating parameter, this
means QLM transmits symbols at AT _intervals with AT =T/
n,. Maximum capacity for each layer 1s equal to the Shannon
bound 1n 1 1 equations (4) which 1s the Shannon bound 1n 2
in equations (2) with b, S/N replaced by b, (S/N), for each
layer with the subscript “p” referring to each communications
layer. Maximum capacity b in 2 in equations (4) for the n,,
layers 1s the product ot n, and b,

Step 1

1 max{b,;=log;[1+(S/N),]

2 b=n, log,[1+(S/N),] (4)

where b=n,b, is the number of bits over a 1, interval,
(S/N),=S/N per symbol in each ot the parallel-layered com-
munications sets of channels, and the maximum label for b
has been removed since there 1s a dependency on bothn,, and
(S/N), which must be defined in order to transform this equa-
tion 1nto a maximum for b.

Step 2 1n the derivation of the capacity bound 1s summa-
rized 1n equations (5) and observes that the correlated parallel
communications layers will equally share 1n the transmatted
S/N when there 1s equal signal power 1n each layer and also
observes that the signal power available for demodulation 1n
cach layer 1s equal to the signal power 1n each layer over the
separation interval AT, since time 1s the differentiating
parameter between layers for this example. This means that
for demodulation, each layer receives the signal power
over the fraction AT, =1 /n, of the symbol interval T, and
n,(S/N),=n |SAT /N_]=[ST/N,],=(5/N),1s equal to the sig-
nal to noise ratio (S/N)_over T for each layer summarized in
1 1n equations (5). The total S/N over T, 1s the sum of the
(S/N)_ for each layer which yields 2 1n equations (5).

Step 2

1 1, (S/N),~(S/N),

2 S/N=(n,"2)(S/N),, (5)
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Results of steps 1 and 2 are used to derive the E,/N_ from
the value (E,/N,), in each layer. Substituting the 1dentities
S/N=bE,/N_, (§/N),=b (E,/N,),, and b=n b into equation 2
in equations (5) yields equation (6).

Equations (4) and (35) for step 1 and step 2 respectively can
be combined with the identity S/N=bE,/N_ to yield the equa-
tions (7) for the new bounds on C, max{b}, and max{n} as a
tfunction of S/N, E,/N_ and for the minmimum E,/N_ written as
min{E,/N _} as a function of b wherein the optimization is
over the number of communications layers n,,.

Upper bounds for b and 1 defined 1n 2 1n equations (7) are
derived from 2 in equations (4), 2 1n equations (5), and the
identities S/N=bE,/N_ and max(n}=max{b} in the form of a
maximum with respect to the selection of the parameter n,, for
fixed values o1 S/N 1n the first expression and 1n the second for
fixed values of E,/N_ with an interactive evaluation ot b from
the first expression.

Upper bound for C in 1 1n equations (7) 1s derived from the
capacity equation for max{b} in 2 in equations (7) and the
identities b=C/B and S/N=bE,/N_ 1n the form of an upper
bound on C with respect to the selection of the parameter n,
for fixed values of S/N 1n the first expression and 1n the second
for fixed values of E,/N_ with an interactive evaluation of b
from 2.

Lower bound on E,/N_ which 1s the minimum value
min{E,/N_} in 3 in equations (7) is derived by solving the
second expression in 2 and taking the minimum over all
allowable values of n,,.

The new coding theorem 1n 4 states that C 1s the upper
bound on the information data rate R, in bits/second for
which error correcting codes exist to provide reliable com-
munications with an arbitrarily low bit error rate BER where
C 1s defined 1n 1 1n equations (7) and upgrades the Shannon
coding theorem 3 1n equations (2) using new capacity bound
C 1n 1 1n equations (7).

New capacity bounds and coding theorem
1. C=max{n,B log,[1+(S/N)/n, 2]}

—max{n B log,[1+(bE,/N )/n, 2]}

2. max{b}=max{n, log,[1+(SN)/n, 2]}
=max{n,, log,[1+(bE,/N,)/n, 2]}
=max{n}

3. min{E,/N, }=min{[n, 2/b][2"b}/n,~1]}
4. New coding theorem

For R, <C there exists codes which support reliable
communications

For R,>C there are no codes which support reliable
communications

(7)

FIG. 7, 8 calculate these new capacity bounds defined in
equations (7) and compare them with the existing Shannon
bounds. In FIG. 7 the new bound 29 from equations (7) and
the Shannon bound 30 from equations (2) are calculated as b
versus E,/N_. The units for b 1n FIGS. 7.8 are bits/(symbol
interval) consistant with the Shannon bound where “symbol
interval” refers to the T interval In FIG. 8 the new bound 31
from equations (7) and the Shannon bound 32 from equations
(2) are calculated as b versus S/N. The maximum and mini-
mum with respect to n,, for the new bounds assumed integer
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values for the number of layers n,. This assumption corre-
sponds to the expected applications and 1t 1s not a restriction
since one can implement the architecture for a QLM with a
non-integer number of layers n . It we had assumed continu-
ous values for the number of layers n, the bounds increase
slightly above the Shannon bound for lower values <4 dB for
E,/N_ and for lower values <8 dB for S/N. As calculated 1n
these figures for integer values of n , the bounds collapse to the
Shannon bound for these lower values of E,/N_ and S/N.

FIG. 9 defines the QLM modulation for an ideal pulse

modulation with timing oifsets as the differentiating param-
eter between the QLM layers. The reference pulse 33 P =P (1)
defined over time 34 t1s 35T seconds long and normalized
with amplitude 36 1/T . Starting time 37 1s t=1, T +A1AT _and
the ending time 38 1s T seconds later. Indexing convention 1s
the pulse 1 has a A1IAT , oflset relative to the reference time 1,,
pulse 1+1 41 has a (A1+1)AT_ offset 37, pulse 1-1 43 has a
(A1-1)AT_ offset 37, and this convention applies to all 1.
Symbol modulation 39 Aexp(j¢p1) when multiplied by the
pulse amplitude 36 1/ \/TS 1s the complex envelope of the pulse

wavetorm. Consecutive pulses are spaced at 40 AT =T /n,
second 1ntervals. Also shown are the consecutive later pulse
41 and the continuation 42, and the earlier pulses 43 and 44
and the continuation 45. Starting times for these additional
pulses are given 1 37. This QLM architecture has a pulse
overlap of nearest neighbor pulses with a corresponding cor-
relation between these pulses.

FIG. 10A 1s the transmitter block diagram FIG. 5 modified
to support OFDMA QLM with frequency offsets to increase
the symbol transmission rate from 1/1 to the QLM raten, /T
and with an increase 1n transmitter power to support this
increased data rate. Ideal OFDMA uses an N-point inverse
fast fourier transform FFT~" on the input data symbols at the
sample rate 1/T_ over the time interval NT . Symbol output
rates are 1/NT_ and the N channels have a total symbol rate
equal to N/NT =1/T =Nyquist sample rate. QLM transmits 1n
parallel the n, FFT~" which are offset in frequency by 0, Ak,
2Ak, . . ., (n,-1)Ak using the normalized frequency index k
and are implemented in 49 by the frequency translation opera-
tor with FFT~" time sample index n. Following this frequency
translation the FFT™' is performed 50 and the output streams
of the OFDMA encoded symbols for the n,, frequency otfsets
are summed 51 and wavetorm encoded and the up-sampled
output stream of complex baseband signal samples 52 {z(t,)}
at the digital sample times t, with digitization index 1, 1s
handed over to the DAC and SSB upconverter 52. Input
processing for QLM modulation in 46,47.48 1s 1dentical to
corresponding input processing in F1G. 51n 13,14,15 and the
output processing 1s also described in FIG. 5. Non-ideal
OFDMA has a separation interval between contiguous FFT™"
data blocks to allow for timing offsets and the rise and {fall
times of the channelization filter prior to the FFT™" process-
ing.

FIG. 10B 1s the transmitter block diagram FI1G. 5 modified
to support CDMA QLM with frequency offsets to increase
the symbol transmission rate from 1/T to the QLM raten, /T
and to increase the transmitter power level to support this
increased data rate. Similar to OFDMA the frequency trans-
lation 1s performed 104 and the output streams of the CDMA
encoded 105 symbols for the n, frequency otfsets are summed
106 and waveform encoded and the up-sampled output
stream of complex baseband signal samples 107 {z(t,)} at the
digital sample times t, with digitization index 1, 1s handed over
to the DAC and SSB upconverter 107. Input processing for
QLM modulation 1 101,102,103 i1s identical to the corre-
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sponding input processing i FIG. 5 1n 13,14,15 and the
output processing 1s also described in FIG. 5.

FI1G. 10C 1s the transmitter block diagram FIG. 5 modified
to support OWDMA QLM with time oifsets to increase the
symbol transmission rate from 1/1 to the QLM raten /T and
to 1increase the transmitter power level to support this
increased data rate. The n, time delays 0, AT, 2AT,,
3AT,, . .., (n,-1) AT, are pertormed 114 and the output
streams of the OWDMA encoded 115 symbols for the n , time
delays are summed 116 and wavelorm encoded and the up-
sampled output stream of complex baseband signal samples
117 {z(t)} at the digital sample times t, with digitization
index 1, 1s handed over to the DAC and SSB upconverter 117.
Input processing for QLM modulation n 111,112,113 1s
identical to the corresponding mmput processing in FIG. 5 1n
13,14,15 and the output processing 1s also described in F1G. 5.

For GMSK QLM with the pulse waveform 1 FIG. 9
replaced by a Gaussian pulse, the transmitter block diagram
in FI1G. 3 1s modified by the QLM symbol rate increase. The
GMSK QLM receiver block diagram 1n FIG. 4 1s modified by

a trellis demodulation overlay of the Viterbi decoding for each
QLM layer.

Demodulation for QLM in FIG. 9 implements signal detec-
tion to remove the waveform and recover estimates of the
transmitted complex baseband signal followed by signal
decoding to recover estimates of the transmitted data. The
pulse waveform 1s removed by a convolution of the received
signal z(t) with the complex conjugate of the transmitted
pulse wavelform and this convolution generates the Rx esti-
mate Y, of the transmitted Tx symbol X =2..7. ..c(61) equal
to the correlated sum of the data symbols Z,_ .. =A .. exp(]

®,. ;) with each data symbol encoded with the signal ampli-
tude A, and signal phase ¢, for PSK and QAM symbol encod-
ing and where c(01) 1s the correlation coelificient of the pulse
wavetorm p,(t)=P,(t) in FIG. 10, over neighboring symbols at
1+01=1+/-1, 1+/-2, . . . where 01=A11n FIG. 10 and by defini-
tion c(01)=| p,(t)p,,s,(t)dt which is normalized so that c(0)=1.
Also, one can partition this integration into integrations over
the pulse separations AT. whereupon the symbol estimates Z,
have different values for the correlation coellicients ¢(01). The
signal detection correlation matrix R 1s constructed from the
set of correlation coeflicients {c(d1)} by the equation of defi-
nition R=[R(1,k)]=[c(k-1)] and 1s an nxn matrix for full sym-
bol T, integration and an (n+n,—1)x(n+n,-1) matrix for par-
tial symbol AT_ integration where n 1s the number of data
symbols and the notation “nxn” reads “n by n”.

Equations (11) construct block length n pulse examples of
the correlation matrix R for FI1G. 9 for full symbol integration
over the T, pulse length specitied by the parameterset 1, n,n,,
and for integration over the pulse separation AT _ specified by
the parameter set AT, n, n,.

Signal detection correlation matrix

1. Correlation matrix R definition
R(i,k)=R(row, column)

=K (output, input)

=[c(0i)] matrix with elements c(0i)

=px# matrix for full symbol 7 integration

=(n+n,~1)x(n+n,-1) matrix for AT integration
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2. R for T, n=5, n,=2
1 05 0 0 0°
05 1 05 0 0O
R = 05 1 05 0
0 0 05 1 0.5
O 0 0 05 1
3. R for AT, n=5,n,=2
05 0 0 0 0 0
0.5 05 0 0O 0 0O
° 0 05 05 0 0 0O
|0 0 0505 0 O
0 0 0 05 05 0
O 0 0 0 05 05
4. R for T, n,n,
1 e(l) e¢2) . . . . . . .
c(l) 1 1) . . . . . ..
c(2) el 1 . . . . ..
R =
5.Rfor AT, n,n, (11)
/n, 0 0
l/n, l/n, 0O

I/, 1/in, 1/n

A block maximum-likelihood ML solution for the recerved
QLM waveform in FIG. 9 for block transmission of n pulses
with full symbol integration 1s given 1n equations (12). In 1
the data symbols for the array of n transmitted Tx pulses 1s the
nx1 column vector Z with components {Z.} and where [(0)]'
1s the transpose of [(0)]. In 2 components of the nx1 detected
signal vectorY=[Y,,Y,,..., Y, |'areequaltoY =X +n, where
n. 1s the transmission path and receiver noise and X, 1s equal to
the weighted sum of the correlated data symbols as defined in
the previous. In 3 the matrix equation for Y 1s defined where
R 1s the correlation matrix for both signal and noise and U 1s
the nx]1 Rx noise vector. The expected value definition
E{UU''=20"R enables the ML solution of 3 to be derived
7=[R'(20°R)"'R]™'R(20°R)~'Y and simplified to the equiva-
lent equation in 4 where Z, is the estimate of Z and o is the
one-sigma value of the Rx additive white Gaussian noise

AWGN for each Rx detected data symbol.
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ML symbol detection for QLM

1. Z=[Z(,Zy .- -, 2.

FH

=[A4,exXp(iP, ), 4>eXpyiPs), . . . , 4,exp(id,)

2. Y.=X+n, forall i where X =2, 7. .,c(0f)
3. Y=RAAU

4. 7=R~'Y (12)

A similar matrix inversion algorithm can be derived for the
recovery of estimates Z of the transmitted symbol set using,
the set of signal detection measurements over AT .

A representative trellis algorithm to implement signal esti-
mation to recover estimates of the transmitted symbols from
the signal detection over the pulse length T _1s defined 1n FIG.
12A,12B and simulated 1n FIG. 11 to validate the algorithm.

This trellis algorithm 1s similar to a forward recursion maxi-
mum likelthood ML algorithm in convolutional decoding and

1s defined for the QLM in FIG. 9 using 4-PSK or 8-PSK over

the T, detection interval where 4-PSK, 8-PSK have n=4, 8
phase states. The trellis algorithm 1s 1nitialized 150 prior to
the start k=0 with an empty shiit register SR which normally
contains the 2n -1 Rx correlated data symbols for each of the
possible trellis paths. At k=0 the path metric a,(x1) 1s set equal
to a negative or zero 1mtialization constant for all of the nodes
xi=0, 1, 2, ..., (ny (2n,-2)-1} of the trellis diagram where
a.,(x1) 1s the logarithm of the state S, path metric at k=0 for
node x1, ng, 1s the number of phase states of the PSK modu-
lation, the Rx symbols are indexed over k with k=0 indicating
the initial value prior to the Rx symbol k=1, nodes of the
trellis diagram are the states of the SR, and state S, refers to
the trellis diagram paths and metrics at symbol k 1n the trellis
algorithm. In the previous for ML block decoding the sym-
bols were indexed over 1.

Loop 151 processes the Rx symbols k=1, 2, ..., nwhere the
index k also refers to the corresponding algorithm steps and
the states of the trellis algorithm. In 152 the Rx signals are
pulse detected to remove the carrier frequency and waveform
to recover the normalized correlated symbol Y,. For each Rx
symbol Y, the state transition metrics R, (jx1) are calculated
by the transition metric equations {R (jxi)=—1Y X (jxi)|"2}
for all possible transition paths {jxi} from the previous state
S._,(x1) at node x1 to the new state S,(jx) at node jx 1n the
trellis diagram and where X, (jxi) is the hypothesized normal-
ized detected correlated symbol k for the path jxi and
1s defined by the equation f(k(jxi):c(np—l) [sr(1)+sr(2n,—
D+ ... +c(1) [sr(n,—1)+sr(n,+1)]+c(0)[sr(n,)] which calcu-
lates X, (1x1) as the correlated weighted sum of the elements of
the shift register SR=[sr(1), sr(2), . . . , sr(2n,—1)]' with
Z,=sr(2n ), 7, =sr(2n,-1), 7, =sr(2n +1), . . . where
2n,=2n,, ¢(0)=1, the normalized data symbol estimates {7}
correspond to the transition index jxi1, and the state k esti-
mated symbol Z, is the SR center element sr(n,,) with corre-
lation coellicient c(0)=1. Symbols move from left to right
starting with “1”” with each new received symbol or step 1n the
trellis recursion algorithm, and ending with “1”. With this
convention “1” 1s mdexed over the states of sr(1), “x” 1s
indexed over the current states of sr(2), . .., sr(2n,-2),and “1”
1s indexed over the states of sr(2n -1). Index over the paths ot
the trellis diagram 1s defined by the equation jxi=sr(1)+ngsr
(2)+ng, 2 sr(3)+ . . . +ny, (2n,-2) sr(2n,-1)-1=0, 1, 2, . . .,
ng (2n,-1)-1 when the contents of the SR elements are the
indices corresponding to the assumed PSK values.
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Loop 153 calculates the best trellis transition paths from
state S, _, to the new state S, for the new nodes jx=0, 1,
2,...,n4 (2n,-2)-1. In 154 the path metric o, (S;) 1s defined
by the recursive logarithm equation o .(S,)=c,_,(S;_;)+R
(S._,—S,) which can be rewritten as o, (1x)=c.,_,(x1)+R(1x1)
since the state S, corresponds to node 1x, state S,_, corre-
sponds to node xi1 and the state transition from S,_, to S,
represented symbolically as S, —=S, corresponds to the path
1X1.

The best path metric o, (jx) for each new node jx 1s chosen
by the decisioning equation o, (jx)=maximum{c,_,(Xi)+R,
(jxi)} with respect to the admissible xi. For each jx, the
corresponding X1 yielding the highest value of the path metric
o, (1X) 1s used to define the new symbol Zk and path.

For k=D the state metric S; 1s upgraded for this new path
jx1 by the update operation S, (:x)=[Z,.(x1); S,_,(1:D-1, x1)]
using Matlab notation which replaces the column jx vector
with the column x1 vector after the elements of x1 have been
moved down by one symbol and the new symbol Z, added to
the top of the column vector which 1s the row 1 element. State
S;1s a D by ng, (2n,-2) matrix with the column vectors equal
to the trellis states over the past D symbols where “D” 1s the
trellis decoding memory extending over several correlation
lengths (2n,-1) for the solution to be stabilized. In Matlab
notation the S,(:,1x) 1s the column vector jx of S, consisting of
the new symbol Z, and the previous D-1 symbols along the
trellis path to node jx and the S, (1:D,x1) 1s the Dx1 column
vector of S, _, for the previous node xi.

For k=D the state metric S, 1s upgraded for this new path
jx1 by the operation S.(: ;jx):[zk(jxi); S._,(::x1)] which
replaces the column jx vector with the column xi vector after
the new symbol Z, has been added to the top of the column
which 1s the row 1 element to increase the path size by one.
State S, is ak by (n, (2n,-2) matrix with the column vectors
equal to the trellis states over the past k symbols.

Metric values for each path 1n S, are stored for later use 1n
soit decisioning turbo and convolutional decoding. Metrics of
interest for each symbol k and for each jx are the values of
1oy (x1)+R(xi) } for all admissible xi states for the new path
symbol Z, tfor jx for k.

For symbols k=D the estimated values Z,_,, of the Tx
symbols are delayed by the path length D and read from the
last row element of the column jx path vector of the state
metric S, for symbol k, and the readout continues until k=n.
This ends the 1x loop 153 and the k loop 151.

Processing 162 continues with steps k=n+1, . . ., n+D-1
160,161 to recover the estimated values Z,_,, of the Tx sym-
bols Z, which are read from the corresponding row elements
D-1, D-2, ..., 1 of the column 1x path vector of the state
metric S, for the last symbol k=n. This ends the jx loop 161.

Outputs 164 of the trellis algorithm are the estimates {7,
ofthe transmitted symbols {Z, } and the corresponding metric
values for all admissible states for each new path symbol 7,
for all k. These symbol estimates and metric measurements
are the soit decisioning data estimates handed over 165 to
recover the Tx data or handed over for error correction decod-
ing 166 with turbo or convolutional decoding. Another option
1s to combine the error correction decoding with the symbol
recovery.

The trellis algorithm for QLM example FI1G. 9 using partial
symbol AT _ integration presents another approach to a trellis
algorithm for symbol recovery which offers a potential reduc-
tion 1n computational complexity compared to the algorithm
for full symbol T, integration in the trellis algorithm 1n FIG.
12B,12C. The largest computational burden 1s the calculation
of the metrics, paths, and states. For the trellis algorithm 1n
FIG. 12B,12C. the number of calculations 1s determined by
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the number n, (2n,-2) of nodes in the trellis algorithm. For
the AT _ integration the trellis algorithm the number of nodes
reduces to a significantly lower number n, (n,-1). For this
invention disclosure 1t 1s sufficient to demonstrate the trellis

algorithm defined 1n FIG. 12A,12C.

FIG. 11 measures the trellis decoding performance for
uncoded 4-PSK forn =1 and n =2 layers of QLM modulation
implementing the decoding algorithm FIG. 12A, 12B. Per-
formance 1s plotted as bit error rate BER versus the normal-
ized value (E,/N,)/n, of the E,/N, for the new bound. The
ideal BER for n,=1 1s plotted as a tunction of (E,/N,)/n,
which 1s the normalized value ot E,/N_ equal to (E,/N,), for
cach of the communications layers from the derivation 1n
equations (4), (5), (6). Normalization means that for a given
BER the (E,/N,)/n, has the same value for all n, For
example, this means that BER=0.001 requires (E,/N_)/
n,=6.8 dB and tfor n, =1, 2, 4 this requires E,/N_=6.8+0=6.8,
6.8+3=9.8, 6.8+6=12.8 dB respectively. Measured perfor-
mance values for n,=2 from a direct error count Monte Carlo
simulation of the trellis algorithm are plotted 1n FIG. 11 as
discrete measurement points.

FIG. 13 A 1s the recerver block diagram FIG. 6 modified to
support OFDMA QLM from the OFDMA QLM transmitter
in FIG. 10A. Recerve processing for QLM modulation 1n
54,55,56,57 1s identical to the corresponding receive process-
ing in 21,22,23.24 1n FIG. 6 and the output processing 60,61
tollowing OFDMA QLM demodulation 1s also described 1n
26,28 in F1G. 6. ADC output signal 1s demultiplexed into n,
parallel signals 58 which are offset 1n frequency by 0, Ak,
2Ak, . .., (n,_,)Ak and processed by the FF'I”s. Outputs are
trellis decoded 59 with an algorithm comparable to the algo-
rithm defined 1n FIG. 12A,12B for PSK QLM. Outputs are
turther processed 60,61 to recover estimates of the transmit-
ted data.

FIG. 13B 1s the recerver block diagram FIG. 6 modified to
support CDMA QLM from the CDMA QLM transmitter 1n
FIG. 10B. Receive processing for QLM modulation m 121,
122,123,124 1s identical to the corresponding receive pro-
cessing 1 21,22,23,24 1n FIG. 6 and the output processing

127,128 following CDMA QLM demodulation 1s also
described 1n 26,28 1n FIG. 6. ADC output signal 1s demulti-
plexed into n, parallel signals 125 which are oftset in tre-
quency by 0, Ak, 2Ak, . . ., (n,—-1)Ak and processed by the
CDMA decoders. Outputs are trellis decoded 126 with an
algorithm comparable to the algorithm defined 1n FIG. 12A,
12B for PSK QLM. Outputs are further processed 127,128 to
recover estimates of the transmitted data.

FI1G. 13C 1s the recerver block diagram FIG. 6 modified to
support OWDMA QLM from the OWDMA transmitter in
FIG. 10C. Receive processing for QLM modulation i 131,
132,133,134 1s i1dentical to the corresponding receive pro-

cessing 1 21,22,23,24 1n FIG. 6 and the output processing
137,138 following OWDMA QLM demodulation 1s also

described 1n 26,28 1n FIG. 6. ADC output signal 1s demulti-
plexed into n, parallel signals 135 which are offset in fre-
quency by 0, Ak, 2Ak, . . ., (n,-1)Ak and processed by the
FFT’s. Outputs are trellis decoded 136 with an algorithm
comparable to the algorithm defined 1mn FIG. 12A,12B {for
PSK QLM. Outputs are further processed 137,138 to recover
estimates of the transmitted data.

Consider the QLM modulation and demodulation algo-
rithms and 1mplementation for GMSK. QLM increases the
data rate by transmitting n,=1 layers ot data encoded Gaus-
s1an frequency pulses that are time synchronized for trans-
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missionat’l/n ,21/n, ..., (n,-1)1/n, offsets respectively
forlayers 2,3, ..., (n,-1)relative to the ground or 1** layer of
GMSK. In FIG. 3 this means the bit-rate increases from 1/T
to n,/T, and the bit or symbol time remains the same at T,. In
FIG. 4 the trellis algorithm 1n FIG. 12A, 12B 1s an overlay on
the Viterbi algorithm or 1s combined with the Viterbi algo-
rithm, with suitable modifications to model the architecture of
the GMSK demodulator.

FIGS. 14,15 calculate the coded QLM performance 64,69
using equations (19) for QLM PSK. In 1 examples of QLM
PSK for 4,8-PSK are given for b=3, 4, 6, 8, 12, 16 bits per
symbol interval as functions of b =2, 4 uncoded bits per data
symbol for 4,8-PSK, QLM layers n,=2, 4, 8, and coding rate
R=(information bits/data bits)=24, ¥4. It 1s well known that
the most bandwidth efficient coding for 4,8-PSK use R=34, 24
in 1. In 2 the corresponding values of E,/N_=3.0, 4.1 dB for
4,8-PSK at BER=1e-6 are from the turbo coding data in FIG.
1,2.In 3 the E,/N, for n, layers 1s calculated from the mea-

sured values for the 1* or ground layer in 2 using equations
(6). In 4 the S/N 1s calculated as a function of the E,/N_ 1n 3,

4 andthebin 1. FIGS. 14,15 also calculate the bversus E,/N_,
S/N performance for the new bounds 62,67, Shannon bounds
63,68, and summarize the turbo coded PSK 65,70, and turbo
coded QAM 66,71. The new bounds and Shannon bounds are
from FIGS. 7,8 and the PSK and QAM from FIGS. 1,2.

It should be clear that the combinations of parameters b,
n, R in 1 1in equations (19) are a limited subset of possible
values some of which may provide improved overall perfor-
mance. The selected subset 1s intended to illustrate the prin-
ciples, algorithms, implementation, and performance, and 1s
not necessarily the preferred subset for overall performance.

QLM PSK performance

1 Information bits b per symbol

PSK b,xn,xR=b
4-PSK 2x2x%x3/4=3
8-PSK 3x2x2/3=4
4-PSK 2x4x3/4=6
8-PSK 3x4x2/3=8
4-PSK 2x 8% 3/4=12
8-PSK 3Ix 8x 2/3=16

2 PSK Turbo coding measurements
4-PSK E./N_=3.0 dB

for Turbo coding, rate R=34, BER=1e-6
8-PSK E,/N_=4.1 dB

for Turbo coding, rate R=23, BER=1e-6
3 E,/N_ estimates

4-PSK E/N_=3.0+10 ngm(Hp)dB
8-PSK E,/N_=4.1+10 lmgm(np)dB
4 S/N estimates

S/N=E,/N,+10 log,(b), dB (19)

This patent covers the plurality of everything related to
QLM generation and data recovery of QLM and to the cor-
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responding bounds on QLM summarized 1n equations (7) and
to all applications of QLM inclusive of theory, teaching,
examples, practice, and of implementations for related tech-
nologies. The representative transition metric and trellis algo-
rithm in FIG. 12A, 12B used for demodulation of QLM PSK
in FIG. 11 1s an example to illustrate the methodology and
validate the performance equations 1n (7), (16) and 1s repre-
sentative of all QLM algorithms including maximum likeli-
hood ML, maximum a posteriori MAP, maximum a priori,
finite field techniques, direct and iterative estimation tech-
niques, and all other related algorithms whose principal func-
tion 1s to recover estimates of the transmitted symbols for
QLM parallel layered modulation as well as data recovery
related to QLM and the QLM bounds.

Preferred embodiments in the previous description of
modulation and demodulation algorithms and implementa-
tions for QLM for the known modulations and demodulations
and for all future modulations and demodulations, are pro-
vided to enable any person skilled 1n the art to make or use the
present invention. The various modifications to these embodi-
ments will be readily apparent to those skilled in the art and
the generic principles defined herein may be applied to other
embodiments without the use of the mnventive faculty. Thus,
the present mvention i1s not mmtended to be limited to the
embodiments shown herein but 1s to be accorded the wider
scope consistent with the principles and novel features dis-
closed herein. Additional applications for QLM signal pro-
cessing and bound include the plurality of information theo-
rectic applications with examples being radar, imaging, and
media processing.

What 1s claimed 1s:

1. A method for implementation of Quadrature Parallel-
Layered Modulation (QLM) for communications over the
same frequency bandwidth of a carrier frequency, said
method comprising the steps:

generating a first communications signal over the fre-

quency bandwidth at the carrier frequency for the first
channel by modulating a first stream of data symbols
with a wavetorm at a 1/T_ symbol rate wherein “T_” 1s
the time interval between contiguous symbols,
generating a second communications signal over the same
frequency bandwidth at the same carrier frequency for a
second channel by modulating a second stream of data
symbols with the same wavelorm at the same symbol
rate as the first stream of data symbols and with a time
offset AT, equal to AT =1 /n, wherein “n,,” 1s the num-
ber of QLM channels 1n said frequency bandwidth,
for any additional channels, continuing generation of com-
munication signals over the same frequency bandwidth
at the same carrier frequency by modulating additional
streams of data symbols with the same waveform at the
same data symbol rate as the first and second streams of
data symbols, with time offsets increasing 1n each com-
munication signal in increments ot AT =1 /n , until the

n, signals are generated for n, QLM channels,
transmitting and recerving said communications signals

over a QLM communications link consisting ot the n,

QLM channels, recovering data symbols of the commu-

nications signals in a receiver using a demodulation

algorithm, and

combining said algorithm with error correction decoding
to recover the transmitted information; whereby time
olfsets have been used as a differentiating parameter to
enable QLM parallel channels of communications over
the same frequency bandwidth at the same carrier ire-
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quency with a data symbol rate above the Nyquist rate, to
be demodulated, wherein the communication signals
have the following properties:

maximum capacity “C” 1n bits/second 1s defined by equa-
tion

C=max{#,B log,(1+(S/N)/n,,"2)}

wherein the maximum “max™ 1s with respect to n,, “log,” 1s
the logarithm to the base 2, “B” 1s the frequency bandwidth in
Hz, and “S/N” 1s the ratio signal-to-noise over “B”,
maximum number of bits “b” per symbol interval T =1/B 1s
defined by equation

max{b }=max{n,,(1+(S/N)/n, 2)},

14 2 2

maximum communications efficiency “v” in Bits/second/
Hz 1s defined by equation

max(n }=max{b},

minimum signal-to-noise ratio per bit
by equation

min{ £;/N,, y=min{ [n,"2/b][2"b}/n ~1]}

wherein “E,” 1s the energy per bit, “N_” 1s the power spectral
density of the noise, and the minimum “min” 1s the minimum
with respect to n,, and
wherein these performance bounds apply to communica-
tions receiver demodulation performance of a QLM
communications link consisting ot n, QLM channels.
2. The method of claim 1, wherein deriving the maximum
capacity “C” comprises the steps of:
using Shannon’s bound on maximum capacity “C,” of
cach channel specified by equation

C,=B log,[1+(S/N),]

wherein “(5/N) ,” 1s the signal-to-noise ratio for each channel,
using C equal to the sum of C for each layer yields equa-
tion

“E,/N_"" 15 defined

C=n,B log,[1+(5/N),]

wherein “(S/N)” 1s
a) 1/n, of S/N tor n, channels,
b) 1/n, of available S/N for each channel in (a) since this 1s
the fraction of the symbol energy not shared with the
other channels and available for demodulation,

¢) and combiming (a) and (b) yields equation
(S/N),=(S/N)/n, 2,

combining equations for C and (S/N), yields equation

C=n_B log;[1+(S/N)/n, 2],

wherein the maximum capacity C 1s derived by taking the
maximum with respect to n,,, and
wherein these performance bounds apply to communica-
tions recerver demodulation performance of a QLM
communications link consisting ot n, QLM channels.
3. The method of claim 2, wherein QLM 1s implemented
using frequency t offset At or said time offset AT_or a plu-
rality of other said differentiating parameters or combinations
thereof as said differentiating parameters for said communi-
cations signaling,
using phase shift keying (PSK) or quadrature amplitude
data symbol modulations or Bandwidth Efficient Modu-
lation (BEM) or Gaussian minimum shift keying GMSK
or a plurality of other data symbol modulations or a
combination of data symbol modulations for said sig-
naling, and
implementing said demodulation of said signaling using a

trellis algorithm or a maximum likelthood algorithm or
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a plurality of demodulation algorithms and using error Wavelet division multiple access (OWDMA), orthogonal

correction decoding to improve said demodulation per- code division multiple access (CDMA) transmission, or a
plurality of other multiple access communications tech-

niques, and applying said maximum capacity property to the
5 fransmissions.

formance.

4. The method of claims 1, 2, or 3 wherein transmitting the
communications signals comprises using QLM orthogonal
frequency division multiple access (OFDMA), orthogonal I I
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